Abstract: Climate change is a challenging issue for government and society as well as in business circles; it has the potential to transform the competitive business environment entirely. This study analyzed the carbon efficiency of petrochemical companies subject to the Target Management System, a Korean carbon policy. The results of data envelopment analysis of 20 Korean petrochemical companies over three years yield some interesting findings. First, companies showed a wide range of carbon efficiency ranging from 0.05 (the least efficient) to 1.00 (the most efficient). Second, because this gap is so wide, the effect of the TMS carbon policy was not apparent. Third, pressure from media and financial investors facilitates carbon efficiency. Fourth, firms' efforts toward low-carbon product/technology development also improve carbon efficiency. This study provides some implications for managers and policy-makers who wish to foster firms' competitiveness and reduce greenhouse gas emissions at the same time.
Introduction
Climate change has emerged as one of the most urgent and challenging issues for the government and society as well as for businesses. The Intergovernmental Panel on Climate Change [1] noted that the global average temperature had risen about 0.64 • C since the mid-21st century. Climate change would incur costs up to 15% of the global gross domestic product (GDP) and lead to the extinction of 20-30% of all existing species [2, 3] . The Paris Agreement, settled in 2015 after a long-standing debate, has served as momentum for the transition to a low-carbon economy by setting out a global action plan to put the world on track by limiting global warming to well below 2 • C.
Business circles have also realized that climate change has the potential to entirely transform the competitive business environment [4] [5] [6] . Particularly, newly designed carbon policies, such as the emission trading scheme (ETS), demand that companies play a vital role in mitigating continued global warming. Accounting for 1.7% of the world's total emissions, South Korea was the world's seventh biggest greenhouse gas (GHG) emitter as of 2010 [7] . The country announced its own voluntary medium-term mitigation goal to reduce GHG emissions by 37% of the business-as-usual level by 2030. This national goal poses a challenge for businesses since more than half of Korea's total emissions are from the electricity and industry sectors [8] . Moreover, energy demand and GHG emissions have steeply increased by 31% and 25%, respectively, for the last decade [7] .
In general, South Korean companies have been against a national carbon policy and have argued that limiting emissions at a more stringent level than other countries such as China would increase manufacturing costs and weaken competitive advantage. However, it is reported that they have also shown different reactions to addressing climate change. While some companies are strongly opposed unfavorable climate regulations, others took a proactive stance by sensing an opportunity in the climate change issues [9] . Previous studies have attempted to gain a better understanding of the relationship between climate change policies and corporate responses by analyzing the potential gains or losses under a new carbon policy circumstance [10] . Academic research in this field, however, currently faces challenges at many levels.
First, few studies explore firms' responses to climate change policies from a managerial interpretation perspective. Firms' environmental strategies may differ even though they operate in the same regulatory context [11, 12] . Managerial perceptions of carbon-related risks, pressure from external stakeholders such as customers and financial institutions, and the extent of resources and capabilities within an organization influence management decision-making, which in turn determines the range and level of corporate response to climate change [11, 13] . However, the topic of how firms differ in interpreting the potential impacts of climate change on their business and deploying resources to respond to a new carbon policy, and consequently how such different reactions influence their competitiveness, remains unexplored. Second, South Korea has introduced a series of climate change policies since the early 2010s such as the target management system (TMS) and the emission trading scheme (ETS). However, little has been reported about how such carbon policies influence firms' carbon productivity. Third, corporate attitudes and management practices in addressing emerging environmental issues such as climate change have evolved. Very few studies examine changes in firms' relative carbon competitiveness regarding carbon policies from a dynamic perspective.
In light of this research gap, this study makes three contributions. First, we explore firms' competitiveness regarding climate change issues, particularly carbon policies. To our knowledge, this paper is the first study to employ carbon efficiency, measured as a ratio of outcomes per carbon emission unit, as a proxy for a firm's competitiveness regarding climate change. This study examines relative carbon efficiency and the change in its values among Korean petrochemical companies, one of the most energy-intensive and high-emission industries. Second, this study examines the effect of carbon policy on firms' competitiveness. We analyze changes in firms' carbon efficiency before and after the Korean TMS was put into effect. Third, this study investigates antecedents that might influence firms' carbon efficiency. We examine how stakeholder pressure and firms' carbon management practices influence their carbon efficiency. We employ data envelopment analysis (DEA) to analyze relative carbon efficiency. To examine the effect of a carbon policy (i.e., the Korean TMS) on carbon efficiency, a DEA window model was used. We also used a survey method to collect data relating to stakeholder pressure and firms' carbon management practices.
The findings collectively lay the groundwork for a better understanding of firms' carbon competitiveness (e.g., carbon efficiency) and its change by examining the interplay of government carbon policy, stakeholder pressure, and firms' carbon management practices. The study also provides some implications for managers as well as policy-makers who attempt to proactively address climate change issues from the perspective of industry and firm competitiveness.
Theoretical and Policy Background

Korean Climate Change Policies
This section provides a brief overview of South Korean government policies for climate change. South Korea adopted the National Strategy for Green Growth in 2009 aiming to promote eco-friendly growth and contribute to international efforts to fight global warming. Considering this strategy, the country announced its national goal to reduce greenhouse gas (GHG) emissions by 37% from business-as-usual levels by 2030. In 2010, the Framework Act on Low Carbon, Green Growth was enacted, which created the legislative framework for mid-and long-term emissions reduction targets, cap-and-trade, carbon labeling, carbon information disclosure, and other related policies. The Framework Act included a system of mandatory reporting of carbon emissions by all carbon-and energy-intensive industries and provided a basis for the enforcement of an emission trading scheme (ETS). As a precursor to the ETS, the TMS-a GHG management program with 490 entities and 1570 sites-was introduced and officially implemented in 2010 and 2012, respectively. As of 2011, the TMS covered almost 68% of the total GHG emissions in South Korea. The TMS imposed GHG reduction on large-scale facilities emitting a substantial quantity of GHGs and consuming a high level of energy, with energy conservation targets obliging them to meet their goals. South Korea officially launched its ETS in January 2015 amid strong resistance from the business circle and industries. The idea was to tighten regulations on companies' emissions step-by-step through a cap-and-trade system. Five hundred and twenty-five companies, among the country's biggest emitting entities, and consisting of private and government-owned organizations, have been subject to the ETS. South Korea's carbon policies are still at the early stage and very few studies have reported on how these policies influence competitiveness as well as actual emission reduction. Such carbon policies are usually based on a voluntary mechanism and result-assessment, providing firms with autonomy in setting and achieving reduction targets. However, they have some limitations in that they are not able to fully consider the differences in each firm's circumstance [14, 15] . For instance, some companies that had to curtail production due to the economic downturn are likely to be assessed as high performers regarding emission reductions. Data envelopment analysis (DEA) has been widely used in analyzing the effects of certain policies on individual firms' relative performance [16] and might apply for examining the effectiveness of a carbon policy [17] .
DEA in Environmental Studies
DEA is recognized in the literature as a powerful method, more suitable for performance measurement activities than traditional, econometric methods such as regression analysis and simple ratio analysis. DEA is a mathematical method using linear programming techniques to convert inputs to outputs with the purpose of evaluating the performance of comparable organizations or products. In DEA, each DMU is free to choose any combination of inputs and outputs in order to maximize its relative efficiency. The relative efficiency or the efficiency score is the ratio of the total weighed output to the total weighed input. DEA uses linear programming to estimate relative efficiency. The relative efficiency, denoted by or, is the efficiency score allocated to a decision making unit as a result of the DEA. This relative efficiency is a non-negative value calculated based on linear relations between the inputs and outputs of the DMUs under analysis. In order words, it determines how efficient a DMU is in producing a certain level of output, based on the amount of input it uses, compared to similar DMUs [18] .
DEA has been applied in environmental studies, particularly eco-efficiency evaluation [19, 20] . Eco-efficiency is understood as a management philosophy and approach coined by the World Business Council for Sustainable Development [21] that aims at minimizing ecological damage while maximizing outcomes of the firm via the lesser use of energy, material, and water, more recycling, and elimination of hazardous emissions or by-products. The approach has spread widely, being used as a performance indicator in several industries to represent the ratio between the economic value and environmental impact [22] [23] [24] [25] .
The literature on eco-efficiency has two streams. First, previous studies focus on developing comprehensive efficiency measurement tools that better represent economic performance and environmental impact [16, [26] [27] [28] . For example, Oggioni et al. [16] measure eco-efficiency by applying both a DEA and a directional distance function approach, which are particularly suitable for models where several production inputs and desirable and undesirable outputs are taken into account. Mahlberg et al. [26] analyze eco-efficiency change over time using the two-model variants of Korhonen and Luptacik [28] , which could provide deeper insights concerning the driving forces for change in eco-efficiency. DEA can provide important policy implications about how to increase efficiency such as reductions in waste, labor, or capital. The second research stream focuses on determining the weights of inputs and outputs to construct a single eco-efficiency index [19, 20] . For instance, Zadeh et al. [19] propose a new method that can keep in perfect control the dispersal of weights for appraising eco-efficiency. Kuosmanen and Kortelainen [20] consider DEA as a method for eco-efficiency measurement. While DEA does not require any a priori weights for various environmental pressures, normative judgments, and subjective valuations of weights can easily be incorporated into the model framework.
By applying the concept of eco-efficiency to the climate change realm, we define carbon efficiency as a firm's capacity to generate more value while reducing resource use and global warming impact. This study measures carbon efficiency as the ratio of total revenues to the corresponding energy consumption and carbon emissions of a firm. Collectively, we utilize a single indicator for relative carbon efficiency, representing a firm's capacity compared to the best performer among the comparing group.
Stakeholder Pressure and Carbon Management Practices
A variety of stakeholders maintain relationships with firms and affect them as well. A firm's attitude and practices towards climate change may change significantly depending on the degree of stakeholder concerns [10, 29] , which in turn leads to a difference in carbon efficiency performance. This study considers four groups of stakeholders with regards to climate change issues: regulatory agencies, customers, media, and financial investors [30] .
First, regulatory agencies are the most influential stakeholders regarding environmental issues. For instance, Lee [31] reported that firms in the energy-intensive sectors in South Korea tend to have a more proactive stance than firms in other general manufacturing sectors when addressing global warming issues. This is because such energy-intensive companies are generally under intense pressure from the government, which imposes regulations and forces these companies to disclose their carbon emissions. Second, customers may play a pivotal role in urging firms to integrate the climate change issues into their managerial decision-making. The market component continues to increase in importance as customers are increasingly concerned about climate change [6] . Third, media is another source of environmental pressure. In many cases, consumers also rely on second-hand information, primarily through the media. Media attention to climate change is one of the three most compelling factors (reputation, media attention, and customer preferences) that corporate respondents consider in addressing climate change [32] . Fourth, financial investors have emerged as a substantive source of pressure for firms in response to climate change. For instance, the Carbon Disclosure Project (CDP), a consortium of over 300 institutional investors with $41 trillion in assets as of 2013, requested the world's top 500 firms annually to provide detailed information on their GHG emissions, risks, opportunities, and management strategies [30] .
In addressing climate change and reducing GHG emissions, firms have a diverse range of management practices as strategic options, which are understood as carbon management practices. Based on the relevant literature [11, 30, [33] [34] [35] , this study focuses on four types of activities: low-carbon product development, process efficiency improvement, energy source substitute, and organizational engagement. First, firms need to engage in "low-carbon product development", because the carbon footprint, representing the sum of a product's direct and indirect emissions in a firm's entire value chain, has gained importance. This practice includes developing energy-efficient products via incremental changes in existing technology and products as well as carbon-free technologies through radical innovations. Second, firms have typically focused on efforts to reduce emissions in production processes. "Process efficiency improvement" includes a diverse range of activities conducted on a manufacturing site to improve efficiency including plant retrofit, overhauling the entire production process, energy system optimization, and energy recovery from waste materials as well as the state-of-the-art new process technologies. Third, "energy source substitution" emerges as a potential option when firms need to reduce indirect GHG emissions generated from the use of electricity. By substituting existing energy sources with less carbon-generating fuels, such as liquid natural gas or renewable energy sources, companies can lower the levels of their carbon inventory. Last, firms need to engage employees and increase their awareness of emission reduction across the entire organization. In doing so, companies usually provide employees with training and education regarding climate change issues. They also redesign their performance assessment system by integrating emission reduction performance. For instance, BP has adopted an internal ETS that assigns emission targets to its several plants or departments and allows them to trade their emission credits when necessary to meet internal emission reduction targets.
Research Methodology
Data Envelopment Analysis (DEA)
We employ DEA to analyze the carbon efficiency of the Target Management System (TMS)-designated companies. Charnes et al. [36] proposed DEA to assess the relative efficiency of a set of homogeneous DMUs with multiple inputs and outputs. We selected the Korean petrochemical industry for two reasons. First, it is essential when using DEA to secure homogeneity between DMUs, so the literature recommends selecting companies in the same industry [17] . Second, the petrochemical industry, as one of the largest GHG emitting industries including steel and power, has been a target for Korean carbon policies [33] . Since the TMS came into effect in 2012, the largest number of TMS-designated firms has been in this industry. The official website of the TMS (http://www.greencompany.or.kr) provides a list of companies subject to the TMS. Collectively, the petrochemical industry provides a sufficient number of companies to be compared for relative carbon efficiency using DEA. A total of 20 companies subject to the TMS in the petrochemical industry were selected as DMUs for our analysis. To examine the effect of the TMS policy on carbon efficiency, we conducted DEA over a three-year time span; DEA for 2011 as the 'before TMS' case; DEA for 2012 as the 'during TMS' case, and DEA for 2013 as the 'after TMS' case.
DEA has a variety of analytical approaches, and the final efficiency value as well as the weight between assumptions and variables for measurement may vary [37] . This study used the input-oriented CCR (CCR-I) model that has been most widely used in DEA. The CCR-I model aims to reduce the input amounts by as much as possible while maintaining at least the present output levels. The TMS 206-policy facilitates participating companies in reducing their GHG emissions and energy consumption while maintaining their economic outputs (e.g., sales). This is very similar to the improvement direction for eliminating inefficiency in the CCR-I model. The literature on eco-efficiency usually uses resource consumption and pollutant emissions as the efficiency input variable [38, 39] and sales or turnover as the output variable [40] . Following these previous studies, we measured energy consumption and GHG emissions for input variables and sales as the output variable. Input and output data were compiled from the Greenhouse Gas Inventory and Research Center and NICE financial database, respectively.
To enhance the validity of the DEA outcomes, the literature recommends that the number of DMUs should be three times larger than the total number of input and output variables [41] [42] [43] . This study complies with such validity criteria. Table 1 presents the descriptive statistics of DMUs for carbon efficiency. The large degree of standard deviation is mainly because of the great differences in firm size. 
Survey: Stakeholder Pressure and Carbon Management Practices
The present research utilizes a survey method to examine the effects of stakeholder pressure and firms' carbon management practices on carbon efficiency. The question items used in this study were developed based on the relevant literature (e.g., [11, 30] ). First, the perceived pressure of the four stakeholders (i.e., regulatory agencies, customers, media, and financial investors) was measured on a seven-point Likert-type scale. The four carbon management practices (i.e., low-carbon product development, process efficiency improvement, energy source substitution, and organizational involvement) were measured using the same Likert scale, reflecting the levels of the firm's adoption and implementation of these practices. Collectively, all question items were subjective measures (see Table A1 ). The research conducted a survey in 2011 to the 20 selected companies in the petrochemical industry subject to the TMS.
Results and Discussion
Carbon Efficiency and Improvement Potential
We analyzed the carbon efficiency of the 20 petrochemical companies subject to the TMS regarding GHG emissions, energy consumption, and sales for three years from 2011 to 2013. Table 2 presents the carbon efficiency of the DMUs for each year, reference set (RS), and lambda (λ) using a CCR-I model. DMU 11 was the most carbon efficient company for three consecutive years, indicating that this firm emitted the least carbon and consumed the least energy per unit sale. DMU 20 continued to increase carbon efficiency and finally reached the efficient frontier in 2013. DMU 7 was the least efficient firm, and remained at the lowest efficiency, indicating that it did not make any improvement over the three years.
The result presents the reference set, which is a set of the most efficient units that can be regarded as benchmarks for inefficient units [44] . The numerical value of an inefficient DMU's input variable multiplied by lambda represents the possibility of improvement. Carbon inefficiency implies excessive GHG emissions and energy consumption by a given output (i.e., sales), providing a direction toward how to increase carbon efficiency for each DMU. Table 3 presents the reduction potential in GHG emissions and energy consumption of all DMUs. For example, the level of carbon efficiency of DMU 1 in 2013 was relatively low at 0.064. To reach the efficiency level of its benchmark units, DMU 11 and DMU 20, DMU 1 should reduce its inputs as the weighted sum of 0.75 times compared to DMU 11 and 0.619 times compared to DMU 20. The GHG potential of each DMU's emissions and energy consumption reduction were calculated regarding the reference units DMU 11 for 2011 and 2012, and DMU 11 and DMU 20 for 2013. As of 2013, the total carbon reduction potential ranged from about 5.5 million tons to 18.3 million tons depending on the level of efficiency improvement, 30% to 100%, respectively. Table 2 indicates that firms' carbon efficiency had a tendency to decrease over the three years from 2011. DMU 8 and DMU 20 showed improvements in their carbon efficiency; however, the carbon efficiency of the other DMUs decreased. The carbon efficiency measured by DEA is relative efficiency among DMUs at a particular point in time, so we need to be careful in explaining what might cause such changes in carbon efficiency before and after 2012 [45] . In this section, we examined the possible effect of the TMS policy that came into effect in 2012 on such changes by using an additional analysis to identify a trend of efficiency changes from a time-series aspect. We employed a DEA window analysis that can handle cross-sectional and time-varying data and can therefore measure the dynamic effects of efficiency [46] . By analyzing changes in each DMU's carbon efficiency before and after the TMS in 2012, this study identifies how the TMS policy influenced the efficiency improvements of DMUs.
Changes in Firms' Carbon Efficiency
We conducted DEA window analysis using the following procedures. First, considering N DMUs (n = 1, . . . , N) observed over T periods (t = 1, . . . , T), the sample has N × T observations. For a window length (or width) of K, we evaluated efficiency of N × K DMUs for each window. In this study, we set K = 2 as the literature recommended K = (T + 1)/2 when time periods for analysis are odd [37] . Second, we analyzed the average efficiency for each window. For K = 2, the total number of windows become 2 (i.e., T − K + 1). Collectively, the DEA window analysis was carried out based on observations of year (N = 20) over periods (T = 3) with window length (K = 2). Table 4 presents the results of the DEA window analysis. LDP represents the largest difference between scores across the entire period. DMU 20 was the only company that showed an improvement in carbon efficiency before and after 2012. While DMU 11 steadily maintained the highest carbon efficiency for the periods (average carbon efficiency = 0.9543), DMU 7 ranked the lowest (average carbon efficiency = 0.0417). We classified the higher efficiency group and lower efficiency group by considering the average efficiency level of all DMUs (0.3443). The result indicates a significant gap in carbon efficiency between the two groups (the average of the higher efficiency group = 0.6653; the average of the lower efficiency group = 0.2134).
This study did not find evidence that the carbon efficiency of Korean petrochemical companies increased before and after TMS introduction in 2012. We provide possible interpretations. First, among the 20 DMUs, two of the highest carbon-efficient firms (i.e., DMU 11 and DMU 20) were dominant; therefore, the other companies' carbon efficiency appeared to be relatively low. For instance, DMU20 has developed a clean development mechanism (CDM) projects overseas and was thus able to reserve a huge amount of certified emission reductions (CER). Using carbon offsets with such CERs, this company was able to maintain the highest level of carbon efficiency without compromising sales decreases. DMU 11 also stayed on the efficient frontier for three years of analysis. It produces construction materials and chemical products whose production processes are more carbon-efficient than other products, even in the same petrochemical industry. In short, different levels of carbon efficiency might be attributed to the characteristics of products and production processes. Second, the TMS imposes certain levels of GHG emissions reduction targets in terms of absolute percentage or relative efficiency, onto companies subject to this regulation. DEA might find it difficult to detect any changes in carbon efficiency if most of the TMS-participating companies achieve their reduction targets and thus fully comply with the regulation at the same time. The South Korean government instated another carbon policy, namely the ETS, in 2015 to provide companies with more flexibility and autonomy based on market mechanisms in setting reduction targets and achieving them. This study could be applied to the ETS to examine firms' carbon efficiency before and after the introduction of the ETS.
Stakeholder Pressure, Carbon Management Practices, and Carbon Efficiency
The results of the DEA show differences in carbon efficiency of the Korean petrochemical companies subject to the TMS policy. In this section, we explore possible antecedents that might influence firms' carbon efficiency by focusing on two factors: stakeholder pressure as an external factor and carbon management practices as an internal factor. As explained in the methodology section, stakeholder pressure and carbon management practices were measured by perceptual measurement using a survey. Table 5 presents descriptive statistics and correlation analysis among variables. In general, carbon efficiency does not have significant correlations with stakeholder pressure and carbon management practices. Low-carbon product development, however, is significantly correlated with carbon efficiency at a 5 percent cutoff level. It has a positive and significant relationship with pressure from financial investors.
The t-test was used to examine the effects of stakeholder pressure and corporate carbon management practices on carbon efficiency. Based on the median value of each question item (four items for stakeholders pressure and four items for carbon management practices), we classified the sample into two groups of "higher than or equal to the median" and "lower than the median". Then we tested the statistical significance of the differences in average carbon efficiency between the two groups. The results of the t-test are summarized in Table 6 . First, media and financial investors are shown to have a positive relationship with carbon efficiency at a 0.1 cutoff level. Companies that perceive higher pressure for addressing climate change issues from media and financial investors are likely to put more effort into increasing carbon efficiency. Media plays a critical role in scrutinizing GHG heavy emitters by exposing them to the public. The petrochemical companies might endeavor to reduce GHG emissions when they are more exposed to the media, which leads to higher carbon efficiency. The financial sector has paid increasing attention to climate change. For instance, the Carbon Disclosure Project (CDP), a consortium of over 300 institutional investors with $41 trillion in assets, has asked the world's 500 largest firms to disclose their GHG emissions, risk, opportunities, and management strategies every year. Korean firms started participating in the CDP in 2006. Large-sized and heavy polluting firms in the petrochemical industry tend to actively participate in this disclosure project, which leads to have opportunity to increase carbon efficiency. This is consistent with the legitimacy theory, indicating that companies whose social legitimacy is threatened have incentive to increase environmental performance and disclosure [47] .
Second, the low-carbon product development practice has a significant and positive effect on carbon efficiency at a 0.05 cutoff level. Companies that focus on the development of less carbon-intensive or carbon-free production are able to increase carbon efficiency. In the petrochemical industry, changes in products affect overall production processes of supply chain partners as well as the firms' own processes, by enabling them to conduct better housekeeping and energy recovery [30] . This result implies that investments in energy-efficient product/technology developments for reducing products' carbon footprints might enhance carbon efficiency of petrochemical companies overall. Effects of other carbon management practices on carbon efficiency, however, were not found in this study.
Conclusions
This study analyzed carbon efficiency of the Korean petrochemical companies subject to the Target Management System, a Korean government climate change policy, from a dynamic change perspective. The current research also examined the effects of stakeholder pressure and firms' carbon management practices on carbon efficiency. The results of this study can be summarized as follows. First, petrochemical companies showed very different levels of carbon efficiency. Two of the most efficient companies were distinctive while average carbon efficiency was at 0.34 and the company with the lowest efficiency remained at only 0.05. The results imply that the potential for GHG emission reduction in the Korean petrochemical industry would amount to 12 million tons of carbon dioxide equivalent (CO 2e ) when companies in this industry were assumed to improve their carbon efficiency up to 70% of the most efficient benchmark companies. Second, the gap in carbon efficiency of companies is wide. As a limited number of carbon efficient companies became more dominant, the carbon efficiency of the majority of the petrochemical companies continued to weaken. As a result, the effect of the TMS carbon policy on carbon efficiency was not observed. Third, this study provided evidence that some stakeholder pressure and carbon management practices had a positive relationship with carbon efficiency. Media and financial investors might have an influence on carbon efficiency. Firms' effort toward low-carbon product/technology development also improves carbon efficiency.
As one of the early studies on carbon efficiency of firms, this research provides some practical and policy implications. First, policy-makers need to consider firms' competitive stance when they are willing to introduce carbon policies such as the TMS and the emission trading scheme (ETS). Firms are likely to be reluctant or even resistant to newly adopted carbon policies. Carbon policies should be designed to be favorable to climate-proactive companies to facilitate firms to collaborate with governments in achieving national carbon reduction goals. For instance, various types of incentives need to be provided to carbon-efficient companies. Second, policy-makers need to implement carbon policies in conjunction with the media and financial sector, which are known to influence firms to take a proactive stance towards climate change issues. The government could collaborate with the carbon disclosure project (the CDP), a voluntary consortium of over 300 institutional climate change movement in the financial sector with $41 trillion in assets has annually requested large firms to disclose their carbon emissions, related risks and opportunities, and strategies, to encourage firms to adopt and implement carbon management practices and thus improve their carbon efficiency. Third, policy-makers should have a long-term perspective in implementing carbon policies. They might find it difficult to observe how carbon policies influence firms' competitiveness in a short period. Less carbon-efficient firms might need time to narrow the gap to more carbon-efficient benchmarks. Carbon policies need to be phased and tailored to higher and lower carbon-efficient groups. They also need to monitor changes in carbon efficiency over time. Fourth, firms should have a forward-looking stance toward climate change and its related policies. By improving carbon efficiency, they need to manage carbon-related risks as well as seek business opportunities engendered by climate change. Fifth, firms also need to keep censoring which and how external stakeholders demand that they address climate change. They should recognize the positive effect of stakeholder pressure, particularly media and the financial sector, in improving their carbon efficiency. Sixth, firms should strengthen investment in low-carbon product and technology development. Such effort enhances their carbon efficiency, indicating that they could reduce GHG emissions while increasing revenues.
By clarifying some limitations of this study, we suggest directions for future research. First, to analyze carbon efficiency using DEA, this study focused on the petrochemical industry. The approach used in this study needs to be applied to other carbon-intensive sectors such as steel, power, and pulp and paper industries. Second, to the authors' knowledge, this paper is the first study to examine the effect of carbon policies regarding firms' carbon efficiency. This study focuses on the TMS in Korea which are considered a preliminary carbon policy before instating the Korea ETS in 2015. Future research needs to re-test changes in firms' carbon efficiency before and after the Korea ETS. Third, significant research is required to understand the effects of firms' carbon efficiency and management practices in different contexts. For instance, China is planning to launch a nationwide ETS. The research framework of this study could be applied to such different country contexts to deliberately examine differences and similarities in the effect of carbon policies among emerging economies. Third, the long-term effect of such carbon policies on firms' carbon efficiency needs to be explored. Besides, future research also needs to consider other variables that might influence carbon efficiency. Leanness of operations, absorptive capacity, and organizational learning might be some exemplary antecedents of high carbon efficiency.
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